Abstract: Consumption of fruit and vegetables is associated with a decreased risk of several cancers, particularly colorectal cancer, possibly linked to their phytochemical content, which is of interest due to several proposed health benefits, including potential anticancer activity. Epidemiological data suggests that cancers of the digestive tract are most susceptible to dietary modification, possibly due to being in direct contact with bioactive food constituents and therefore investigating the effects of these bioactive compounds on the prevalent colorectal cancer is feasible. Berries are a common element of Western diets, with members of the Rubus, Fragria, Sorbus, Ribes and Vaccinum genus featuring in desserts, preserves, yoghurts and juices. These soft fruit are rich in bioactive phytochemicals including several classes of phenolic compounds such as flavonoids (anthocyanins, flavonols and flavanols) and phenolic acids (hydroxybenzoic and hydroxycinnamic acids). Whilst there is little data linking berry consumption to reduced risk of colorectal cancer, in vitro evidence from models representing colorectal cancer suggests that berry polyphenols may modulate cellular processes essential for cancer cell survival, such as proliferation and apoptosis. The exact mechanisms and berry constituents responsible for these potential anticancer activities remain unknown, but use of in vitro models provides a means to elucidate these matters.
INTRODUCTION
Epidemiological evidence suggests that diets rich in fruit and vegetables, including soft fruits such as berries which have a high content of phytochemical compounds, may contribute to a reduced risk of certain cancers, particularly colorectal cancer [1] . A diverse range of phytochemicals are found in berries, especially the phenolic compounds (including flavonoids, proanthocyanidins, stilbenes, hydroxycinnamic and hydroxybenzoic acids, lignans and hydrolyzable tannins) [2, 3] , which are treated as xenobiotics in the body and therefore undergo extensive metabolism for rapid excretion [4] .
Cultivated berries, such as blackberries, blueberries, strawberries, raspberries and cranberries, as well as more atypical "forest berries" including blackcurrant, bilberries, lingonberry and cloudberry [5] , are commonly consumed as part of a Western diet in fresh or processed forms. A range of evidence supports the theory of anticancer properties of berries, although the mechanisms are still not fully understood but may include scavenging free radicals, induction of enzymes involved in metabolism of xenobiotics, regulation of gene expression, modulation of cellular signalling pathways including those involved in DNA damage repair, cell proliferation, apoptosis and invasion. This review aims to assess the in vitro evidence for anticancer activities and proposed mechanisms of action for whole berries, berry extracts and *Address correspondence to this author at the Northern Ireland Centre for Food and Health, Centre for Molecular Biosciences, University of Ulster, Cromore Road, Coleraine, Northern Ireland, BT52 1SA, UK; Tel: +44 28 703 23973; Fax: +44 28 703 23023; E-mail: em.brown@ulster.ac.uk berry constituents, with an emphasis on phenolic compounds, in in vitro models of colon cancer. Whilst in vivo animal models are also important factors when investigating the anticancer effects of berries on colon cancer they have been extensively reported elsewhere [6] [7] [8] and will not be included in this review.
BERY BIOACTIVES AND COMPOSITION
Berries differ in the range and diversity of their major berry constituents, especially phenolic compounds. These are characterised by their number of aromatic rings and hydroxyl groups, and can be classified according to their structural diversity, ranging from simple single-aromatic ring compounds with low molecular weight to large complex molecules built up from multiple smaller structures [2] [3] [4] . In berries these compounds include phenolic acids (i.e. hydroxybenzoic and hydroxycinnamic acids) [9] [10] [11] , stilbenes [12] and lignans [13] ; flavonoids [4, 14] (including anthocyanins [15] , flavonols [2, 4] and flavanols [4] ) and condensed tannins (proanthocyanidins) [16] [17] [18] and hydrolyzable tannins (such as ellagitannins and gallotannins) [19] [20] [21] . Examples of some of these bioactives found in berries are provided in Fig. (1a, 1b) .
Phenolic content and composition in berries is influenced by genetic and environmental factors such as species and variety, cultivation methods, weather, time of and ripeness at harvesting, and conditions and time of storage [22] [23] [24] [25] [26] [27] [28] . The content and composition of phenolics varies with species, with berries of the same genus exhibiting characteristic profiles. In the Vaccinum genus, for example, the relative amounts of anthocyanins, flavonols, hydroxycinnamic acid (HCA) derivatives and proanthocyanidins differ between Fig. (1a, 1b) . Structures of some of the bioactive phytochemicals present in berries.
bilberry, cranberry and lingonberry [29, 30] . However in blueberries (V. angustifolium x corymbosum and V. corymbosum), and huckleberry (V. parvifolium), HCA derivatives predominate [31] . This can also be illustrated using the Rosaceae family of berries, which contains multiple genera including Rubus, Fragaria and Sorbus. Berries from the Rubus genus (cloudberry, raspberry and blackberry) primarily contain ellagitannins with differing levels of anthocyanins while strawberries (Fragaria genus) principally contain anthocyanins, closely followed by ellagitannins but also proanthocyanidins. However, fruits from the Sorbus genus, e.g. rowanberry, consist chiefly of HCA derivatives, with lesser amounts of flavonols and smaller amounts of anthocyanins [29] . In the Grossulariaceae family, fruits from the Ribes genus (including gooseberries, black and red currants) differ greatly in their anthocyanin content [29] . Other phenolics present in berries include flavanols such as monomers of (+)-catechin or (-)-epicatechin or as hydroxylated forms such as (+)-gallocatechin and (-)-epigallocatechin. Furthermore, stilbenes such as resveratrol are present in low quantities in berries including lingonberry, blueberry, cranberry and bilberry [32] .
COLORECTAL CANCER
Colorectal cancer (CRC) is the third most prevalent cancer worldwide accounting for approximately 9.4% of global cancer cases with no apparent gender bias [1, 33] . Patterns of increased incidence of CRC have been observed in more developed parts of the world such as North America, Northern and Western Europe, Australia and New Zealand, and within the past 10 years CRC incidence in Japan has risen rapidly as this country has adopted a more Western lifestyle [34] . Conversely incidence is relatively low in less developed countries, including Africa and Asia, with an almost 25-fold variation in CRC incidence between these high-and low-incidence areas [35] . The differences in incidence rates between these less and more developed countries together with migrant information implicates environmental rather than genetic factors in the aetiology of this disease. Diet in particular may be a risk factor for CRC, with a lack of protective components in the Western diet hypothesised to be of greater risk than the presence of harmful components such as mutagenic heterocyclic amines. Thus dietary modification may be a feasible option to reduce CRC risk [36] .
Development of CRC results from the accumulation of mutations or epigenetic changes that leads to transformation of normal colonic mucosa into colonic adenocarcinoma and subsequent carcinoma [37] . For sporadic tumours to develop, mutations in key genes of stem cells at the base of the crypt or early daughter cells must occur. This mutational event or "first-hit" is the initiating step in a pathway termed the adenoma-carcinoma sequence and involves genes such as APC (Adenomatous Polyposis Coli), K-ras, DCC (Deleted in Colorectal Cancer) and p53 Fig. (2) [38] , and is characterised by three stages i) initiation involving exposure to or uptake of carcinogens resulting in permanent DNA damage, ii) promotion involving a lengthy process of abnormal cell replication forming a preneoplastic lesion and iii) progression of tumourigenesis involving gradual conversion of preneoplastic cells to malignant cells. During the tumour promotion stage, distinct genetic events resulting in deletion or silencing of genes occur, which result in hyper-proliferation of cells with the ability to evade apoptosis. As these cells continue to circumvent normal regulation, they are likely to develop subsequent mutations and progress from adenoma to carcinoma.
ANTICANCER ACTIVITY IN VITRO
Multiple in vitro studies have assessed the anticancer activities of berry bioactives, focussing on proliferation and apoptosis using whole berry extract, fractionated berry extract or purified/commercial berry components in a range of human colon cell lines representing different stages of colorectal cancer progression. These studies are summarised in Table 1 .
Dietary phenolics are able to modulate numerous cellular processes by up-or down-regulating key proteins involved in cell signalling pathways that control proliferation, differentiation and apoptosis, potentially resulting in anticarcinogenic activity [39, 40] . These potential anticancer effects appear to be stage specific, with cancer cell lines more sensitive to modulation than non-tumourigenic cells [41, 42] .
However, determining the mechanisms behind the putative protective effects presents a challenge as the efficacy changes with dose, cell type used, exposure, the phenolic component selected, as an isolated compound [43] or in a mixture, all of which notably vary between studies ( Table 1) .
Proliferation of cells occurs through a series of stages termed the cell cycle. During this process, DNA is replicated and separated into two daughter cells via mitosis. There are two phases of cell cycle: S phase (synthesis) where new DNA is synthesised and M phase (mitosis) where division occurs. These phases are separated by gap phases, G1 and G2. G1 precedes S phase, followed by G2 and then M phase. Throughout this cycle, a number of biological functions are occurring including DNA synthesis, proof-reading new DNA and correcting errors. Regulation of the cell cycle via checkpoints allows the cell to complete checks and make repairs to DNA etc before completing the cycle. However, in cancer cells, normal cellular growth and control is lost leading to abnormal cell cycle progression. Lack of cell cycle control leads to genetic instability (defective DNA repair) which increases transmission of genetic damage to subsequent generations of cells, and genomic instability characterised by chromosomal defects.
Decreased cell proliferation is commonly a result of cell cycle arrest. Control of the cell cycle is regulated by interactions between cyclins and cyclin-dependent kinases (CDKs), which, in turn, are controlled by CDK inhibitors (CDKIs), such as p21 WAF1 and p27 KIP1 . Binding of cyclins to CDKs produces an active complex which promotes progression of the cell cycle through different stages. CDKIs can bind to this complex and deactivate it and thus halt the cell cycle. Cyclin A binds to CDK2 forming an active complex which allows progression of the cell through S phase of the cell cycle. Therefore, a decrease in the protein expression of cyclin A may account for an arrest in S phase after treatment with ellagic acid [43] . Further, increased expression of p21 WAF1 and p27 KIP1 genes along with decreased expression Fig. (2) . Adenoma-carcinoma sequence -adapted from Fearon and Vogelstein [38] .
Faecal flow containing toxic components APC mutation/inactivation Activation of K-ras Deletion of 18q (DCC) Inactivation of p53
Normal epithelium Hyperproliferation Small adenoma Large adenoma Carcinoma and metastasis Chokeberry ARE had a greater inhibition on proliferation based on monomeric anthocyanin content after 24 and 48 h incubations.
Maximal in HT29 cells proliferation after 72 h with all ARE's but also observed in NT cell proliferation. cell proliferation probably due to necrosis rather than apoptosis.
Anti-proliferative activity probably due to the anthocyanins delphinidin and cyanidin (present in bilberry) [49] Total cranberry extract (TCE) Effect on proliferation was not investigated. Cyclin-mediated cell cycle arrest in S phase.
[ 43] a Corresponds with reference number in main text and references section. * Significant result. + Protective effect (putative anticancer effect), -Adverse effect (putative harmful effect).
of cyclin A and B genes have been linked to a decrease in proliferation and halts in the cell cycle at G 0 /G l and G 2 /S phases after treatment with anthocyanin rich chokeberry extract [41] . The CDKIs p21 WAF1 and p27 KIP1 are both known inhibitors of complexes containing cyclins A and B, and therefore upregulation of their expression coupled with decreased expression of the cyclins is a probable explanation for decreased proliferation, especially when the extract did not effect cell viability. Conversely, non-tumorigenic cells under the same conditions did not show decreased cell proliferation or cell cycle perturbation of any kind demonstrating the specific action of the extract on tumour cells [41] .
Similarly, a number of different berry extracts have shown differential inhibition of cell proliferation by inducing p21 WAF1 expression [44] . These studies demonstrate that similar results were achieved with different extracts at both physiologically relevant and non-relevant doses. In vivo such high concentrations of phenolics are unattainable through the diet and therefore results obtained at these doses are less relevant that those obtained at more plausible concentrations. For example, it has been suggested that 500 mg of phenolics consumed in the diet is diluted to approximately to 3 mM or 160 mg/L in the digestive bolus, and since it has been estimated that less than 1% of phenolics consumed are present in the colon, less than 5 mg of phenolics would be present in the colon [45] [46] [47] . Therefore concentrations within the g/mL dose range are physiologically feasible.
The growth of cancer cells is dependent on both unregulated proliferation and a lack of apoptosis. Induction of apoptosis, or programmed cell death, is considered an important target in cancer prevention as it is a function that is usually lost during cancer development. Two major apoptotic pathways have been identified. The extrinsic pathway depends on binding of ligands to cell surface "death" receptors, whilst the intrinsic pathway is induced by a variety of factors including DNA damage and involves mitochondrial function. Also termed the "mitochondrial pathway", a number of proteins feature in intrinsic apoptosis including Bcl-2 family proteins, which suppress apoptosis and are classified as "prosurvival", and other proteins such as Bax which is proapoptotic.
Apoptosis by the mitochondrial pathway also involves cytochrome c and caspases; specific proteases that degrade crucial cellular proteins during apoptosis. After release from the mitochondria, cytochrome c forms a complex with procaspase-9 resulting in caspase-9 activation. In turn, active caspase-9 activates pro-caspase-3, which is involved in degradation of nuclear DNA. Therefore, activation of caspase-9 and caspase-3 is indicative of apoptosis via the mitochondrial pathway. Indeed, pure ellagic acid and extracts of different varieties of blueberry have been shown to activate caspase-9 [43] and caspase-3 [43, 48] in Caco-2 and HT29 cells. However, when the concentration of two varieties of blueberry was increased, cell death was attributed to necrosis rather than apoptosis due to lack of DNA fragmentation [48] . Whilst multiple potential mechanisms were highlighted with purified ellagic acid, the maximal anti-proliferative effect was observed after a prolonged incubation time (up to 72 h) [43] , whereas apoptosis was induced after just 6 h incubation time [48] . The average transit time in the colon is between 6 and 24 h, whereas the average lifespan of a colonocyte is approximately 6 days with more than half of this time spent migrating up the colonic crypt. Therefore, prolonged incubation times are less relevant to the in vivo situation where faecal contents are evacuated regularly and the cells are not in contact with dietary phenolics for this length of time. Thus these studies may be ambiguous with regard to magnitude of effect, which has been shown to increase with incubation time.
Induction of apoptotic pathways has been demonstrated by a range of berry extracts and purified berry compounds in a variety of colon cancer cell lines with different degrees of efficacy ( Table 1) . For example, pure ellagic acid modulated the intrinsic pathway through reducing the expression of bcl-XL protein and activating caspases-3 and -9, corresponding with an increase in apoptotic cells and a decrease in proliferation [43] . Similarly both cloudberry and bilberry were able to induce apoptosis in HT29 cells, and interestingly the degree of DNA fragmentation (a late event in apoptosis) of cells exposed to both berry extracts was similar to the results for growth inhibition (i.e. both inhibition of proliferation and induction of apoptosis occurred at the same concentration range) [44] . Cloudberry and bilberry significantly induced pro-apoptosis Bax gene expression whereas pro-survival Bcl-2 gene expression was only detected in control cells suggesting decreased expression after berry treatment and indicating their involvement in the mitochondrial pathway [44] . Conversely, bilberry extract, which decreased proliferation, did not induce DNA fragmentation indicative of apoptosis in HCT116 cells [49] but greatly reduced cell viability, suggesting a necrotic action rather than apoptotic effect. These results, whilst interesting in terms of mechanistic information, were obtained with non-physiologically relevant doses and therefore the pertinence of the results may come into question.
A range of berry extracts have been shown to inhibit proliferation, but only a subset have induced apoptosis under the conditions tested [50] . Black raspberry and strawberry significantly induced apoptosis whereas blueberry, blackberry and raspberry showed only a slight increase in apoptosis, but this increase was not significant and could not fully explain the decrease in proliferation. Strawberry was the least effective in inhibiting proliferation but was a potent inducer of apoptosis, and therefore another mechanism must be responsible for inhibition of proliferation by the other berry types, but this was not investigated further [50] .
Interestingly, berry extracts have been reported to induce apoptosis in cyclooxygenase 2 (COX-2) expressing HT29 cells [44] , but not in HCT116 cells which lack COX-2 expression [49] . COX-2 is induced as a response to inflammatory stimulus and converts arachidonic acid into prostaglandins which are involved in the potentiation of inflammation [51] . Increased COX-2 activity can inhibit apoptosis via increased levels of the pro-survival protein Bcl-2 [52] . Proapoptotic berry extracts have been reported to reduce Bcl-2 levels in HT29 cells [44] and also induce DNA fragmentation, Bax expression, and internucleosomal degradation of DNA [50] . It is possible that the berry extracts are mediating their pro-apopotic effects through the COX-2 pathway resulting in a reduced expression of Bcl-2. For example studies have shown that berry components such as catechins and anthocyanins inhibit COX-2 activity in vitro [53] , and ellagic acid treatment has resulted in reduced bcl-XL gene expression in Caco-2 cells which have low level Cox expression in their differentiated state [54] . The potential significance of COX-2 expression and apoptosis was illustrated by Tsujii and DuBois [52] . Rat intestinal epithelial (RIE) cells transfected with a COX-2 expression vector resulted in cells that became resistant to butyrate-induced apoptosis and expressed high levels of the pro-survival protein Bcl-2. By contrast, the parental RIE cells remained sensitive to butyrateinduced apoptosis and had no detectable levels of Bcl-2 protein [52] . Another study reported that HCA-7 cells (COX-2 expressing) showed growth inhibition in the presence of a COX inhibitor (SC-58125), while HCT116 cells (COX-2 non-expressing) were unaffected. Subsequent treatment of HCA-7 cells with prostaglandins reversed the growth inhibition, increased Bcl-2 protein expression resulting in a resistance to apoptosis [55] . If berry extracts are mediating their pro-apoptotic effects through the COX-2 pathway resulting in reduced expression of Bcl-2, then this may help explain why no effect is observed in the absence of COX expression. However it must be pointed out that these experiments generated the presence and absence of COX by utilising differ-ent cell lines, rather than modulating expression of COX directly within the same cell line.
Whilst many studies have focussed mainly on anthocyanins, there is evidence to show that other berry constituents including flavonols, condensed and hydrolyzable tannins as well as phenolic acids exhibit antiproliferative activities in vitro. A common theme among these studies is the potential synergy between phenolic compounds, with themselves and other compounds present such as vitamin C. Caution must be used when comparing results however as different experimental conditions including incubation times and concentrations range from physiological to pharmacological, and differing results have been observed for different colon cancer cell lines. A general theme about the importance of dose is also raised in these models, with mechanisms such as apoptosis being induced at sub-toxic concentrations, but necrosis is observed at higher toxic doses.
DISCUSSION, KEY POINTS AND FUTURE CHAL-LENGES
This review summarises evidence from multiple sources that demonstrates that berry bioactives have potential anticancer effects in cellular models of colon cancer, but also highlights the fact that more information is required. In vitro models are a valuable tool for assessing the bioactivity of berry constituents and an abundance of evidence exists in terms of biological effect of phenolics on proliferation and apoptosis. The relevance of these results varies between studies and depends upon various factors such as incubation time, dose and extract used. The interpretation of results from these studies should be performed with caution; for example, a decrease in proliferation and an induction of apoptosis in a colon cancer cell line is an interesting result, however it may have been achieved using physiologically irrelevant concentrations. This review presents articles that provided a thorough description of scientific methodologies, including full description of controls and conditions used, to enable critical judgement on the use of different assays to measure various parameters, such as proliferation and apoptosis. Studies that included a more physiological dose range and incubation time were included, however some studies feature results obtained from extended incubation times (up to 72 h) and high doses (up to 60 mg/mL) and were used to compare differences in efficacy with dose and potential mechanisms involved. Ultimately this information provides starting points to focus more detailed mechanistic studies and enhances understanding of these potential anticarcinogenic compounds. However, information on structure: activity relationships is limited and what information is available has been gleaned from two different approaches. The first approach has compared extracts from a range of berry types in cellular models and then correlated activity against their phytochemical profiles to narrow down potential active components [49, 50, 56, 57] . This approach is obviously limited by the detail of knowledge on the phytochemical composition of the different extracts and can only indicate likely active components. The second approach often follows on from the first and attempts to confirm that fractions enriched in the "active" ingredients are effective. The results from this approach can be varied. In certain studies, the results seem clear cut. For example, when phenolic-rich extracts from lingonberry were found to be effective against colon cancer cells [57] subsequent fractionation suggested that the activity was predominantly present in a proanthocyanin-rich sub-fraction over the anthocyanin (and flavonol) rich sub-fraction. However, other fractionation studies have been less clear-cut. Seeram et al. [58] found that a phenolicrich fraction from cranberry was more effective than juice preparations but that sub-fractions enriched in anthocyanins, proanthocyanins and flavonols were not as effective as the total extract. This suggests synergistic interactions between these components which influenced either their activity in the cellular model or perhaps enhanced the stability of the most active forms.
These studies seem to contradict previous studies that suggested that anthocyanin-rich extracts (AREs) were effective in various cellular models [41, 42] . However, these extracts contained at maximum 36 % anthocyanin content and the remaining phenolic content was not disclosed. It is interesting that the most effective ARE (from chokeberry) contained the largest proportion of non-anthocyanin phenols. However, further work with more purified AREs and pure individual anthocyanins confirmed that anthocyanins were effective inhibitors of colon cancer cell growth [59] , but the authors also concluded that other phenolics could exert an additive interaction.
It is well known from animal studies [60] and human colostomy studies [61] that a large component of ingested berry phytochemicals survive digestion in the upper digestive tract and reach the colon in substantial doses. Therefore, the colonic epithelia can be in contact with doses of berry phenolic components which have been shown to have beneficial effects in cellular models. This is not the case for many other cancers as the systemic concentration of many phenolic compounds are usually very low due to low serum bioavailability [62] . However, it is also clear that phenolic components from berries are extensively metabolised to simpler phenolics by colonic microbiota during passage through the colon [63, 64] . Therefore, it seems reasonable to assume that the % recovery of original berry phenolics will drop as they pass further through the colon with a corresponding increase in microbiota-derived metabolites. Therefore, different parts of the proximal to distal colon will be exposed to different proportions of original phenolic components and their metabolites. In addition, inter-individual variation in the composition of the colonic microbiota will greatly influence the conversion and the spectrum of metabolites formed [65] . In this respect, it is also not clear if berry phenolics could have a beneficial effect on colon cancer incidence by supporting and modulating the diversity of the microbiota.
In light of this uncertainty, studies with isolated or mixtures of phenolics in their unmetabolised state, either as sugar conjugates or aglycones, may lead to ambiguous results in terms of magnitude of effect as the concentrations used (and the compounds used) may not be physiologically relevant to the colonic milieu in vivo [66] . Some studies have already established that colonic metabolites of phenolic compounds (similar to berry components) have bioactivities relevant to colon cancer [67, 68] . These studies are emerging and there is limited information about the magnitude of effect and mechanisms involved, but there is considerable scope for comparison of such studies with pre-existing data. In addition, studies comparing the effectiveness of colonic metabolites with their parent compounds may have particular value. This was attempted by Bellion et al. [69] with phenolics from apple extract and fermented apple extract, which contained the parent compounds of quercetin glycosides and bacterial metabolites of quercetin, including 3,4-dihydroxyphenyl acetic acid respectively. This study demonstrated that the antioxidant potential of the fermented extract was diminished compared to that of the original extract by approximately 50% and subsequently the ability to protect against cellular reactive oxygen species and menadione-induced DNA damage was maintained but with less efficacy. Therefore, it is important that future studies in models of colon cancer examine the effects of physiological doses of relevant mixtures of phenolics and their colonic metabolites or breakdown products [70] and not focus on the parent compounds. Furthermore, it is clear that studies on cellular systems of apoptosis or proliferation are best accompanied by targeted studies to define the mechanisms involved and perhaps the uptake and metabolic fate of the active components within the cell.
In summary, the use of in vitro studies has helped elucidate some of the potential mechanisms involved in chemoprevention by berries and berry extracts in relation to cell proliferation. These mechanistic studies should continue in this post-genomic era alongside wider nutrigenomic studies (e.g. assessing genomic, metabolomic and proteomic changes in response to nutrients). The results from in vitro studies, although essential in research, cannot be extrapolated directly into in vivo systems, and therefore, further studies in both animal models and humans are essential to identify anticancer properties of berries. Interdisciplinary research is required to link basic and translational clinical research as briefly mentioned by Seeram [71] and such approaches will provide new insights into the bioactivity, bioavailability, metabolism, tissue specificity and accumulation of berry phenolics.
